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The epitaxial growth of fee iron films on the (001) face of diamond has been achieved. The films 
were studied by reflection high-energy electron diffraction and angle-resolved Auger electron 
diffraction. The studies show that 4-S atomic layers of Fe on C(100) form a continuous film. The 
films as deposited at room temperature are disordered, and after a high-temperature anneal have a 
fee structure at room temperature. 

Epitaxial growth of various stable and metastable phases 
of matter on lattice-matched substrates has opened an en- 
tirely new field of experimental and theoretical physics1 In 
this paper we report an important addition to the field of the 
growth of metastable phases of elemental transition metals 
via epitaxy, namely, the growth of Fe on the (001) face of 
diamond. 

Of the 3d transition metals, Fe provides the most varied 
family of crystallographic phases. At low temperatures, Fe is 
stable in a ferromagnetic bee phase (a--Fe), while at 1184 K 
it converts to an antiferromagnetic fee phase (FFe) with a 
lattice constant of a = 3.6468 A. Above 1664 K, it then 
reverts back to a bee structure, which is paramagnetic. Ex- 
trapolation of the fee Fe lattice constant down to room tem- 
perature gives a m 3.5 9 A, and it is well known that fee Fe 
can be stabilized on Cu substrateszs4 which have fee lattices 
with a = 3.6 147 A. The metastable fee-Fe/Cu structure has 
attracted much interest lately from the magnetism cornmu- 
nity since it has been observed that under low-temperature 
(100-300 K) growth conditions, thin films of fee-Fe/Cu(OOl) 
are ferromagnetic with a strong perpendicular anisotropy. 

The epitaxial growth of fee transition metals on diamond 
is feasible due to the close lattice match (a = 3.5 6 6 8 A for 
diamond), so the (001) surface net of the diamond and fee 
lattices match very closely. The use of diamond substrates 
for such growth is appealing due to the unusual properties of 
diamond, i.e., its large band gap, high thermal conductivity, 
extreme hardness, and desirable optical properties. The char- 
acterization and optimization of the interfacial properties be- 
tween diamond and various metals is a necessary step in the 
development of diamond-based electronic devices. An under- 
standing of the structural and magnetic properties of 
transition-metal films on diamond may also provide a means 
of developing diamond-based, nonvolatile magnetic storage 
devices. 

Recent work by Humphreys et aL6 has shown that it is 
possible to grow continuous, single-crystal films of fee 
Ni(OO1) on C(OO1) by electron-beam epitaxy. It might also be 
expected that fee Fe can be stabilized on C(OOl).- In earlier 
work7 we have shown that the reflection high-energy electron 
diffraction @HEED) patterns of such Fe films have the ex- 
pected symmetry for fee growth which is oriented by the 
C(OO1) substrate. It was also shown with RHEED and ex- 
tended x-ray absorption fine-structure (EXAFS) techniques 
that subsequent Cu films grown on this Fe seed are oriented 
to the substrate in an fee structure. The RHEED from thin Cu 

overlayers (thickness <300 A) shows evidence of a surface 
reconstruction and the quality of the RHEED patterns from 
very thick (1350 A) Cu/Fe/C(OOl) structuresare comparable 
to that of a single-crystal Cu standard. The EXAFS study of 
the 1350-A Cu/Fe/C(OOl) structure revealed an fee structure 
with a slight tetr-agonal distortion. However, the fee structure 
of the Fe seed could not be confirmed by EXAFS because of 
the low sample volume of Fe and the strong attenuation of 
the Fe EXAFS signal by the Cu overlayer. In the present 
study we examine Fe/C(OOlj in situ using angle-resolved 
Auger electron diffraction (AED) and compare the resulting 
line scans to experimental standards of fee and bee struc- 
tures. This comparisorrshows that the Fe has an fee structure. 

The 3X3X2-mm3 C(OO1) substrates used in this work 
were cleaned by etching in an aqua regia solution and then 
boiling in an H20.+IH40H-Ha0 solution followed by a rinse 
in deionized water. The substrate was then loaded into a 
UHV chamber (base pressure <l X 10-l’ Torrj and the sur- 
face was characterized using the RHEED method. Electrical 
contact was made with the surface in order to reduce charg- 
ing effects which are characteristic of these substrates under 
electron-beam bombardment. 

The Fe was deposited by sublimation from an electron- 
beam-heated rod while the pressure stayed below 5X 10-t’ 
Torr. For the results shown in this paper, the film thickness 
was 822 A, as measured with a quartz-crystal monitor. In 
our studies we find that the results shown herein are typical 
for films in the thickness range of approximately 5 to 15 A. 
During the Fe growth the C(OO1) substrate was left at room 
temperature. After 5 A of Fe had been deposited there was a 
complete loss of the C(OO1) RHEED pattern and only a 
bright diffuse background with a weak specular reflection 
was observed. This suggests that the Fe has covered the dia- 
mond in a continuous film. We also note that at room tem- 
perature the Fe AES uptake curve follows a smooth expo- 
nential increase up to at least 20 A. A fit of the normalized Fe 
Auger signal [i.e., Fe:(Fe+C), using the 703- and 273-eV 
Auger transitions for Fe and C, respectively] saturates to 1 
with an attenuation constant 10 A, which again is consistent 
with a continuous Fe coverage. By comparison, the normal- 
ized Fe uptake curve taken with the substrate held at 300 “C 
during deposition saturates at 0.6, and evidence of the sharp 
C@Ol) RHEED pattern is still evident up to 20 A coverage. 
These effects are characteristic of the Fe agglomerating into 
islands and possibly carbon diffusing into the Fe under high- 
temperature growth conditions. 
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a. [I IO] RHEED of FeK(001) c. [IlO] RHEED ofCulFe/C(oOl) 

(a) fee (110) azimuth (b) fee (100) azimuth 

b. [OIO] RHEED of Fe/C(OOl) d. [OlO] RHEED of Cu/Fe/C(OOl) 

FIG. 1. RHEED patterns from the high-symmetry directions for 8-w Fe/ 
C(OO1) which has been annealed to 400-600 “C and 1.50-A Cu grown on 
Fe/C@Ol) at room temperature. 

Clearly, it is possible to obtain a disordered, continuous 
Fe film on diamond by deposition at room temperature. The 
room-temperature-grown lilm was then annealed while the 
RHEED pattern was monitored. As discussed in Ref. 7, after 
an anneal to 350 “C a weak RHEED pattern with the correct 
symmetry for a (001) cubic surface was first evident, and 
there was no change in the C:Fe AES intensities. A slight 
increase in the C:Fe AES intensity ratio is observed upon 
further annealing of the Fe flm to 500-600 “C, which results 
in the RHEED patterns for the [llO] and [OlO]-directions as 
shown in Figs. l(a) and l(b), respectively. There is no evi- 
dence of the CCOOl) RHEED pattern after the high- 
temperature anneal, and we conclude that the increase in the 
C:Fe AES intensity may be due to some carbon diffusing 
through the Fe from the substrate. In addition, we note that 
after the anneal there was no evidence of oxygen or other 
contamination on the Fe surface as evaluated by an AES 
energy scan, and in fact the anneal to high temperature re- 
moves oxygen contamination (which accumulates onto the 
film after growth) from the surface. 

The patterns shown in Figs. l(a) and l(b) match closely 
those taken from the fee Cu RHEED patterns discussed in 
the previous study7 and are typical of a (001) cubic face 
which is oriented in registry with the C(100) substrate. For 
comparison, the RHEED patterns from a 100-A fee Cu film 
are shown in Figs. l(c) and l(d). The most striking feature in 
the [llO] RHEED patterns is the appearance of extra spots 
along diagonal lines between the main intensity maxima. 
These spots are evident in both the Fe and Cu RHEED pat- 
terns and may be indicative of faceting of the diamond sub- 
strate or long-range reconstructions on the Fe and Cu sur- 
faces. The [OlO] Fe RHEED pattern shows a clear second- 
order reconstruction streak which is absent in the Cu 
RHEED pattern, showing that there is a surface reconstruc- 
tion of the Fe film which doubles the unit cell in the [loo] 
direction. 

In order to determine the local symmetry of the Fe lat- 
tice, Auger electron diffractions-” (AED) on the Fe 703-eV 
LWAuger transition has been conducted. The details of the 
apparatus and data collection are given in Ref. 11. In the 
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FIG. 2. Schematic of the planes in which the polar scans of the AED is 
taken. AI1 angles are measured with respect to the surface normal, i.e., the 
[OOl] direction. The directions of prominent forward focusing maxima 
which are observed from fee lattices are illustrated. 

present study, the Fe Auger intensity from the (001) face is 
measured as a function of polar angle for low-symmetry azi- 
muths and compared to polar scans from fee Cu(OO1) and 
bee Fe(OO1) experimental standards: all polar angles are 
given with reference to the [OOl] direction. A picture of the 
(110) and (100) fee azimuths are shown in Figs. 2(a) and 
2(b) for reference. For emission along chains of atoms, e.g., 
at 35.3” and 45” in Figs. 2(a) and 2(b), respectively, the 
Auger intensity can be either enhanced or suppressed, de- 
pending on the energy and final state of the emitted 
electron.1S13 At the intermediate energies of the Fe and Cu 
LWAuger electrons, it is generally accepted that construc- 
tive self-interference of the Auger-electrons along the chain 
direction is seen. This is also referred to as the forward fo- 
cusing effect. In addition, higher-order diffraction peaks 
which are specific to the local environment of the atoms will 
be seen at intermediate angles.* 

In Fig. 3, polar scans of the AED signal from 8 A of 
Fe/C(OOl) are shown for the (110) and (100) azimuths. Ex- 
perimental standard spectra from a bulk fee Cu crystal and a 
thick bee Fe film grown on GaAs are also shown just above 
and below the test spectrum for comparison. The standard 
spectra were obtained using the Cu 920-eV and Fe 703-eV 
Auger transitions. It is clear that the angular line scans from 
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FIG. 3. Polar scans of the angle-resolved Auger intensity from 8-A Fe/ 
C(OO1) which has been annealed (middle), and bulk fee Cu(OO1) and bee 
Fe(OO1) experimental standards (top and bottom, respectively). 
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the Fe/C(OOl) match to the fee standard much better than to 
the bee standard in both azimuths. In particular, for the (110) 
azimuth a bee structure has a strong peak at 54.7” (i.e., along 
the body diagonal). This peak is clearly absent in the Fe/ 
C(OO1) line scan, while the weak higher-order diffraction 
peaks shown by the fee standard between 50” and 60” are 
reproduced in the Fe/C(OOl) structure. The higher-order bee 
diffraction peaks between 15” and 30” are also missing for 
the Fe/C(OOlj structure, which again matches closely the fee 
standard. 

Comparison of the (100) azimuth polar scans shows that 
the diffraction effects between 15” and 40” in the Fe/C(OOl) 
structure match much closer to the fee standard than the bee. 
The main difference between the Fe/C(OOl) and fee Cu(OO1) 
and (100) azimuth polar scans is the increased ratio between 
the 45” peak and the low angle (20”-25°) peak. However, 
this ratio is known to decrease as the electron energy is tuned 
from 900 to 700 eV,r4 as is the case for the Cu and Fe Auger 
lines used in the present study. This effect is less pronounced 
in the (110) azimuth, which accounts for the good agreement 
found in that case. 

A second aspect of Fig. 3 is the systematic shift of the 
Fe/C(OOl) AED peaks to slightly lower angles than in the 
standards. This effect is seen consistently in the Fe/C(OOl) 
AED curves, and can be modeled with an -3% expansion of 
the fee Fe lattice perpendicular to the plane of the film. A 
similar expansion has been observed for fcc-Fe/Cu(001).4 
This deformation of the lattice is most likely a manifestation 
of the stress involved in stabilizing the fee phase of Fe at 
room temperature and the fact that the in-plane surface net is 
subject to an -1% compression. This strain may also drive 
the reconstructions seen in the Fe RHEED patterns, which 
are similar to the reconstructions seen in low-energy electron 
diffraction patterns from fee-Fe/Cu(OOl).r’ 

We have shown in this study that thin fee-Fe films can be 
stabilized on the (001) face of diamond. Both the RHEED 

and AED show that the Fe fiIm is oriented with respect to the 
crystalline axes of the substrate; however, evidence of strain 
is seen using both techniques. A possible utilization of such a 
film is as a seed for the metallization of the surface with Cu, 
as shown here and in Ref. 7. The data shown in Ref. 7 are 
also consistent with fee-Fe/C(OOl) being ferromagnetic, 
which opens this system to possible applications for mag- 
netic storage and sensor technology as well. These studies 
show-that the structural and magnetic phases of Fe merit 
further study, and that diamond can be used as a suitable 
substrate for the growth of transition-metal structures. 
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